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Abstract 
Rhizopus microsporus has been used for centuries in the production of oriental 
fermented foods, but the species is also known as a toxin producer and from severe 
human infections. To study the diversity and species delimitation of Rhizopus 
microsporus, 48 isolates from the reference collection of the CBS-KNAW Fungal 
Biodiversity Centre, comprising 9 environmental, 10 clinical, and 23 foodborne 
strains, in addition to 6 strains from unknown sources and representing all existing 
varieties of the species, were examined. Sequence diversity was based on the 
internal transcribed spacer (ITS), and on a part of the actin (ACT) and translation 
elongation factor 1-α (TEF) genes. Differences in physiological properties were 
assessed including temperature relationships. Spore morphology was studied, 
mating type tests were performed, and MALDI-TOF MS profiles were generated. 
Clinical and food-associated strains as well as members of different varieties mated 
successfully and consequently they belong to a single biological species. Molecular 
differences did not match with any other parameter investigated. Based on these 
results the varieties of Rhizopus microsporus are reduced to synonyms.  
 
 
Keywords 
Rhizopus microsporus, phylogeny, taxonomy, physiology, MALDI-TOF MS, 
mating type, foodborne fungi, medical mycology, sporulation. 
 
 
Introduction 
Species of the mucoralean genus Rhizopus are very relevant to society, in several 
respects. They are known as spoilage organisms, contaminating a variety of 
foodstuffs and agricultural products during storage and transport (Pitt et al. 1985). 
Because of off-odors, unwanted discolorations, taste defects and toxicity, and the 
rapid growth of the organisms, spoilage may be considerable. They are also known 
as agents of human and animal diseases. Zygomycosis and mucormycosis are terms 
that have been used interchangeably in the medical literature to describe these 
frequently lethal infections (Ibrahim et al. 2012, Roilides et al. 2012, Kwon-Chung 
2012); mucormycosis will be applied in the present paper. Mucormycosis is a 
fungal emergency that nearly always occurs in patients with severe defects in host 
defense and/or with systemic debilitation due to increased serum iron, diabetic 
ketoacidosis, stem cell transplant, neutropenia, organ transplant, hematologic 
malignancies, or birth prematurity. The infection presents clinically as 
rhinocerebral, pulmonary, gastrointestinal or disseminated disease. Although 

http://cid.oxfordjournals.org/search?author1=Kyung+J.+Kwon-Chung&sortspec=date&submit=Submit
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mucormycosis is much less common than other opportunistic fungal infections by 
e.g. Candida or Aspergillus, mortality of mucormycosis is much higher (Quan et al. 
2010), which makes mucormycosis one of the most important clinical entities in 
mycology. In recent studies on the etiological agents of mucormycosis (Skiada et 
al. 2011, Laternier et al. 2012) R. microsporus is the third most common species 
after Rhizopus arrhizus and Lichtheimia corymbifera. 

On the positive side, Rhizopus species play an important role in the 
preparation of food, and are involved in the production of industrially significant 
compounds. The species are indispensable in the fermentation of a large diversity 
of foodstuffs, particularly those being based on soybeans. One of these is tempe, a 
traditional Indonesian fermented food in which fungi, particularly Rhizopus 
species, are essential. Yellow-seeded soybeans are the most commonly used raw 
material, and the resulting ‘tempe kedele’ is usually referred to as ‘tempe’. Fresh 
tempe is a compact and sliceable mass of cooked soybean material, covered, 
penetrated and held together by dense, non-sporulating mycelium of Rhizopus 
species (Nout & Rombouts 1990). Products like tempe are inoculated with fungal 
spores deliberately, for which ‘R. oligosporus’ NRRL 2710 (= CBS 338.62) is 
most frequently used. The tempe is heated first to develop meat-like flavors, and 
then inoculated with thermotolerant Rhizopus spores at a density of approximately 
104 CFU/g (Nout & Rombouts 1990). Alternatively in some other fermented 
products like meju, the preparation takes place in open atmosphere, so 
environmental strains transferred by air can be involved in the processing steps. 
Therefore many strains of Mucorales are present in the microflora and there is no 
defined inoculum size (Hong et al. 2012).  

The genus Rhizopus currently comprises ten species, some of which are 
morphologically heterogeneous. For the two prevalent species, R. arrhizus (= R. 
oryzae) and R. microsporus, several varieties are currently accepted. The six 
varieties of R. microsporus (vars microsporus, azygosporus, chinensis, 
oligosporus, rhizopodiformis, and tuberosus; Liu et al. 2007) are based on 
morphological features such as spore size, shape and ornamentation, and were 
originally treated as separate species. To accommodate the morphological diversity 
of the microsporus-group, Scholer and co-workers (Scholer 1970, Scholer & 
Müller 1971) erected a section "micro-Rhizopus" characterized by sporangiophores 
up to 1(‒2) mm in length and 9‒14(‒20) µm in width, with sporangia up to 
100(‒140) µm in diam. The section contained R. microsporus, R. rhizopodiformis, 
and R. oligosporus, which all had a maximum temperature of growth of 45 °C or 
above. With the aid of mating tests, Schipper & Stalpers (1984) showed that there 
are no sexual barriers among the heterothallic species of the microsporus group and 
as a consequence they treated them as varieties of R. microsporus. This was 
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confirmed by molecular phylogenetic studies, which could not detect genetic 
differences between the varieties (Nagao et al. 2005, Schwarz et al. 2006, Liu et al. 
2007, 2008, Abe et al. 2006, 2010, Walther et al. 2013). In contrast, Liu et al. 
(2008) distinguished three molecular varieties within R. arrhizus using IGS rDNA 
sequences and short tandem repeat (STR) motifs. The varieties of R. microsporus 
neither corresponded with any STR motif, nor formed monophyletic groups with 
sequence data (Liu et al. 2008). Also Abe et al. (2010), using partial translation 
elongation factor 1-α (TEF), actin (ACT) and rDNA Internal Transcribed Spacer 
(ITS) data, showed that the R. microsporus complex consisted of a single species. 
This is in conflict with the frequent claim that R. oligosporus (= R. microsporus 
var. oligosporus) would be the main species on Asian fermented products and is 
not found in nature, while R. microsporus (resp. var. microsporus) would also be 
found in tropical soil, in addition to food stuffs (Jennessen et al. 2005). In order to 
solve this conflict, species diversity of the R. microsporus complex remains to be 
studied. 

The aim of the present paper is to establish the specific borderlines of R. 
microsporus and to verify the validity of intraspecific entities, described previously 
on the basis of morphology. We therefore combine Genealogical Concordance 
Phylogenetic Species Recognition (GCPSR) based on the analysis of three 
molecular markers with mating test results to detect possible mating barriers. 
Additional characters such as optimum and maximum growth temperatures, 
enzyme spectra, and protein profiles obtained by MALDI-TOF MS were studied in 
order to detect differences among the varieties. The question whether or not these 
morphological varieties belong to a single taxonomic and evolutionary entity is of 
significance to food industry, biotechnology and clinical mycology.  
 
 
Materials and methods 
 
Strains and culture conditions 
A total of 48 isolates of Rhizopus microsporus, comprising 9 environmental strains, 
10 clinical strains, 23 isolates from food, and 6 strains from unknown sources 
available in the reference collection of the Centraalbureau voor Schimmelcultures 
(CBS-KNAW Fungal Biodiversity Centre) were studied (Table 1). The lyophilized 
strains were transferred to 5 % Malt Extract Agar (MEA; Oxoid, Basingstoke, 
U.K.) in 8 cm culture plates incubated at 30 °C for 2 days. For further studies the 
same medium was used.  
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Morphology 
Subcultures from lyophilized strains were cultured on 5 % MEA (Oxoid) at 30 °C 
for 2 days. The abundantly sporulating strain CBS 700.68 was selected for 
descriptions and illustrations. Spore ornamentation types were taken from data 
published by Schipper & Stalpers (1984) who demonstrated the existence of 
surface structures (with ridges, with spines, or irregular warts) using scanning 
electron microscopy (SEM). For isolates not included in this study, basic spore 
types were scored by light microscopy using a Nikon Eclipse 80i equipped with 
differential interference contrast (DIC). Branching patterns were observed with a 
Nikon SMZ1500 stereomicroscope. Microscopic slide preparation was done using 
water as mounting fluid. Photos were made using a Nikon digital DS-5M114780 
camera.  

Sporulation was determined in cultures on 5 % MEA (Oxoid) derived from 
inocula as mycelial parts of growing colonies, as well as from fresh spores from 3-
day-old cultures, incubated at 30 °C for 4 days. The level of sporulation was 
monitored at days 2, 3, and 4. Five different levels of sporulation (A‒E) were 
defined macroscopically according to the color on the plate. Colonies were 
photographed at days 2, 3, and 4 with a Canon EOS 600D camera. Levels of 
sporulation were graded in five degrees (A), (B), (C), (D) and (E) depicted in 
Figure 4 and summarized in Table 3. 
 
Physiology 
For all strains listed in Table 1, tests for enzyme activities, including gelatin 
liquefaction, presence of urease, siderophores, lipase, amylase, cellulase, laccase, 
and tyrosinase, were performed (Table 3). All samples were incubated at 30 °C, 
with incubation times varying with the test. One liter of basal medium for lipase, 
amylase, and cellulose contained (NH4)2SO4 1.25 g, KH2PO4 0.6 g, MgSO4·7 H2O 
0.25 g, Na2HPO4·2H2O 5.37 g, NaH2PO4·H2O 9.64 g, ZnSO4·7H2O 0.04 g, agar 15 
g (Maas et al. 2008). This medium was also used as negative control for these tests. 
Strain Aspergillus niger, N402 was used as positive control for lipase, cellulase and 
amylase tests. 
 For lipase, 0.1 g CaCl2 and 1 % olive oil were added to the basal medium 
(Maas et al. 2008). Colony diameters were measured after 2, 3, and 4 days. For the 
amylase test, the basal medium was amended with starch (1 %) as the sole carbon 
source (Caldwell et al. 2000). Iodine (10 %) was used to view the zone of 
hydrolysis, and the strength of activity was classified based on the diameter of the 
hydrolytic zone. Halos less than 5 mm in width were considered as negative, while 
higher than this cut-off was listed as positive result. For testing the presence of 
cellulase (endoglucanase or CMCase) the basal medium above was amended with 
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carboxy-methylcellulose (1 % CMC, Sigma, Zwijdrecht, The Netherlands) 
(Caldwell et al. 2000). Plates were incubated for 10 days (Mandyam et al. 2010). 
The zone of hydrolysis was viewed by covering the plate with an aqueous solution 
of Congo red (1 mg/ml) for 15 min. Subsequently the plate was flooded with 1 M 
NaCl 15 min after draining the dye, followed by stabilization with 1 M HCl 
(Teather & Wood 1982). Activities were classified according to the diameter of the 
hydrolytic zone. 
 For tyrosinase (cresolase) spot tests, fungal isolates were grown on 2.5 % 
MEA for 2 days. One drop of 0.1 M p-cresol dissolved in ethanol was added at the 
colony margin (Gramss et al. 1998). The indicator p-cresol stains red in the 
presence of tyrosinase (Mandyam et al. 2010). Agaricus bisporus CBS 505.73 was 
used as positive control and Cryptococcus neoformans CBS 7926 was used as 
negative control. The laccase test was performed according to Nawange et al. 
(2012), using 0.3 % 2-2’-azino-di-3-ethylbenzthiazolinsulfonate (ABTS). The 
result was reported by presence or absence of a green halo around the colony. 
Cryptococcus neoformans, CBS 7926 was used as positive control and Candida 
albicans CBS 8758 as negative control. Gelatin liquefaction was tested using an 
indicator solution containing 60 ml 38 % HCl and 45 g HgCl2 in 300 ml distilled 
water, after 3 days incubation. Positive result was reported by presence of a halo 
after 10 minutes. Positive control was Geotrichum candidum CBS 144.88. 

For siderophores, a red color change of the colony after 2 days was 
measured. Test results were evaluated as negative when a blue color was produced, 
which was due to alkaline compounds released into the medium. Aspergillus niger 
N402 was used as positive control, and uncultured medium as a negative control. 
Presence of urease was performed on Christensen´s agar (1 g peptone, 1 g glucose, 
5 g NaCl, 2 g KH2PO4, 0.012 g phenol red as indicator in 1 L distilled water, pH = 
6.8, 20 % urea; filter-sterilized) and judged with a pink to red color change after 3 
days incubation in case of positive reaction. With incubation longer than 3 days, 
color changes were due to oxidation and were discarded as false results. 
Cryptococcus neoformans CBS 7926 was used as positive control and the medium 
itself as negative control. 
 For measuring thermotolerance, MEA plates were inoculated with small 
blocks taken from the edge of 3-day-old colonies. Plates were incubated at the 
following temperatures: 30 °C, 37 °C, 40 °C, 45 °C, 50 °C, 52 °C, and 55 °C. 
Diameters were measured twice a day for 3 days. The growth rate, measured in 
millimeters per hour, was calculated for each strain and each temperature 
(Alastruey-Izquierdo et al. 2010). 
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Mating  
Strains CBS 699.68(+) and CBS 700.68(‒) of Rhizopus microsporus were used as 
tester strains (Schipper & Stalpers 1984). Strains were inoculated in MEA culture 
plates at 5 mm distance from each other and plates were incubated at 30 °C for 3 
days. Zygospores were evaluated microscopically under a light microscope (Nikon 
Eclipse 80i). The test was repeated for strains that did not produce any zygospores 
in the first trial. Similar but smaller cells with a single suspensor were evaluated as 
azygospores and mating was then judged to be negative (Schipper et al. 1985). To 
evaluate the results statistically, Chi-square test with one degree freedom (df = 1) 
was used. Alpha level of significance was considered as 0.05 from 2 × 2 
contingency table. Values higher than p < 0.05 were considered statistically 
significant and the null hypothesis was rejected. 
 
MALDI-TOF MS 
For Matrix Assisted Laser Desorption Ionization (MALDI) Time of Flight (TOF) 
Mass Spectrometry (MS), fungal material was taken using a sterile swap and 
transferred to a 2 ml eppendorf tube containing 300 µl API medium suspension 
(demineralized water, provided by bioMerieux, Craponne, France). Subsequently 
0.9 ml 100 % ethanol was added and vortexed. After 2 min centrifugation at 10,621 
g the supernatant was discarded and 40 µl formic acid 70 % were added. Adding 
40 µl acetonitrile, samples were vortexed for 2 min and centrifuged for 2 min at 
10,621 g. One µl supernatant was deposited on the slide. After drying 1 µl Vitek 
MS-CHCA matrix (α-cyano-hydroxy-cinnamic acid) was added as a saturated 
solution. Analysis was with Vitek MS mass spectrometer (Shimadzu, Kyoto, 
Japan). 
 
DNA extraction 
Cultures were grown for 2 days on 5 % MEA (Oxoid) at 30 °C. Fungal material 
(1‒10 mm3) was included in 400 µl 2× CTAB-buffer (cetyl-trimethyl ammonium 
bromide) containing 6‒10 acid-washed glass beads (1.5‒2 mm); 100 μl 
polyvinylpyrrolidone 10 % were added and mixed thoroughly on a MoBio vortex 
for 10 min. After 60 min incubation at 60 °C, 500 μl chloroform: isoamylalcohol 
(24:1) were added, shaken for 2 min and centrifuged at 20,817 g for 10 min. The 
aqueous layer was collected, and 50 μl RNAse solution were added, incubated for 
30 min at 37 °C. Two-third vol of ice-cold iso‐propanol were added, mixed and 
centrifuged at 20,817 g for 10 min. The supernatant was removed, and 1 ml 
ice‐cold 70 % ethanol were added, mixed gently, and centrifuged again at 20,817 g 
for 2 min. Samples were air-dried or by using a Speed Vac. Pellets were 
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resuspended in 50 μl TE‐buffer, stored at 20 °C. DNA quality was verified by 
electrophoresis on 0.8 % agarose. 
Amplification and sequencing 
Three gene regions were chosen for multilocus sequence analysis, viz. the rDNA 
Internal Transcribed Spacer (ITS) region, and partial genes and introns of Actin 
(ACT) and Translation Elongation Factor 1-α (TEF). Primers are listed in Table 2. 
PCR amplification was performed in 12.5 µl reaction mixture containing 7 µl 
ddH2O, 0.5 µl BSA, 0.5 µl of 10 pmol of each primer, 1.25 µl PCR buffer, 1.25 µl 
deoxynucleotide triphosphate, 0.5 µl MgCl2 solution (25 mM), 0.5 µl of 5 U 
bioTaq polymerase (GC Biotech, Leiden) and 1 µl template DNA. For TEF the 
reaction conditions were according to Abe et al. (2007). For ACT and ITS, PCR 
parameters and conditions were according to Alastruey-Izquierdo et al. (2010). 
Amplification was performed in a 9700 Thermal Cycler (Applied Biosystems, 
Foster City, U.S.A.). Concentrations of amplicons were estimated on 1.2 % agarose 
gels, photographed and analyzed by the Gel Doc XR system (BioRad, Veenendaal, 
The Netherlands), with Smart Ladder (Eurogentec, Seraing, Belgium) as size and 
concentration marker. Sequencing reactions were performed with a BigDyeTM 

Terminator Cycle Sequence Ready Reaction Kit (Applied Biosystems) and 
analyzed on an ABI Prism 3730XL Sequencer. Newly obtained sequences have 
been deposited in Genbank (Table 1). 
 
Alignment and phylogenetic reconstruction 
The lengths of genes analyzed for ITS, TEF, and ACT were 626, 1011, and 657 bp, 
respectively. Sequences for ITS, partial Actin (ACT) and Translation Elongation 
Factor 1-α (TEF) were aligned in MEGA5 in the Laser gene software (DNASTAR, 
Wisconsin, U.S.A.). Iterative alignment was performed automatically in 
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium) and adjusted by 
hand. A phylogenetic approach was used to investigate relationships among the 48 
strains of R. microsporus. For this approach, three genes ITS, TEF, and ACT were 
analyzed separately. No strain was chosen as outgroup for these trees because 
monophyly was shown several times for R. microsporus (Abe et al. 2006, 2010, 
Walther et al. 2013), and the inclusion of an outgroup resulted in very short branch 
lengths within the group. Different methods for making phylogenetic trees were 
applied. NJ, UPGMA, Ward’s averaging, ML and Baysian tree were tried for ITS 
sequences. Neighbor joining (NJ), unweighted pair group method with arithmetic 
mean (UPGMA), Ward’s averaging analyses were perfomed using the 
BioNumerics (v. 0.4.61) software (Applied Maths, Sint-Martens-Latem, Belgium). 
A Baysian analysis was performed for the ITS region with Mr. Bayes version 3.1.2. 
Two parallel Markov chains Monte Carlo (MCMC) were run, each with 3 million 
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generations of trees. Every 300th tree was sampled. Maximum likelihood (ML) 
analysis was conducted in MEGA5. For ITS and ACT the T92 (Tamura 3) 
substitution model was selected and the Jukes-Cantor model (JC) for TEF. The 
robustness of the phylogenetic trees calculated by the NJ, and the ML approach 
was estimated by bootstrap analyses with 1,000 replications. The trees were drawn 
in Adobe Illustrator Artwork 15.1. 
 
 
Region PCR amplification Sequencing References 

ACT Act-1, 
TGGGACGATATGGAIAAIATCT
GGCA 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATC
CACAT 

Act-1,  
TGGGACGATATGGAIAAIATCTGG
CA 
Act-4ra, 
TCITCGTATTCTTGCTTIGAIATCCA
CAT 

Voigt et al. 
2000 

ITS V9G,  
TTACGTCCCTGCCCTTTGTA  
LS266, 
GCATTCCCAAACAACTCGACT
C 

ITS1,  
TCCGTAGGTGAACCTGCGG 
ITS4,  
TCCTCCGCTTATTGATATGC  

de hoog et al. 
1998 
Vilgalys et al. 
1990 

TEF MEF-4, 
ATGACACCRACAGCGACGGTT
TG 
MEF-10, 
GTTGTCATCGGTCACGTCGAT
TC 

MEF-10, 
GTTGTCATCGGTCACGTCGATTC 
MEF-20, 
GGATACCACCAAGTGGTCCG  
MEF-30, 
GTCGAAATGCACCACGAAAC  
MEF-50, 
GGGTTTCGTGGTGCATTTCG  
MEF-60, 
CGGACCACTTGGTGGTATCC  
MEF-4, 
ATGACACCRACAGCGACGGTTTG 

O’Donnell et al. 
2001 

 
Table 2: PCR primers for amplification and sequencing. 

 
 
Results 
 
Phylogeny 
The ITS trees calculated by applying different algorithms (ML, Bayesian analysis) 
varied only slightly and only the phylogenetic tree based on the maximum 
likelihood approach was figured. Bootstrap values were not high also in Baysian 
tree due to small sequence differences. 

In the TEF tree (Fig. 2) the R. microsporus strains constitute three clades 
(A‒C). In this tree, as well as in trees generated with ITS and ACT, the majority of 
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isolates were grouped in a single clade (clade A in TEF) at 100 % identity. In 
addition to the main clade (A) two further clades were recognizable in the TEF 
tree: clade B consisting of 4 strains (CBS 111563, CBS 112285, CBS 113206, and 
CBS 131499) and clade C (Fig. 2) containing two strains (CBS 699.68 and CBS 
700.68). Strains CBS 700.68 and CBS 699.68, both isolated from soil, invariably 
clustered together in all trees, taking a consistent, bootstrap-supported external 
position in all trees. In contrast, the strains of clade B were not united in a single 
clade in the ITS and ACT trees. For example, in the ITS tree strain CBS 113206 is 
positioned in the main clade among the strains of clade A of the TEF tree, in the 
ACT tree strain CBS 111563 is part of the main clade among the strains of clade A 
of the TEF tree. CBS 113206, CBS 111563, and CBS 112285 were isolated from 
food sources, while the remaining deviating strains (CBS 700.68, CBS 699.68, and 
CBS 131499) were isolated from soil.  

 
 

 
 
Figure 2: Maximum likelihood trees for ITS, ACT, TEF, made in MEGA5. Bootstrap values >80 are shown at 
branches in bold. Clinical, environmental and food samples are in red, blue and green colors, respectively. NK: 
Sources are not known. (+) mating type, (−) mating type and type strains are shown according to the original 
identification of varieties. Ex-type strains (T, NT) are mentioned in bold. Transparent boxes in light blue and pink 
color relevant to strains with variable positions. 
A. TEF, B. ACT, C. ITS. Statistics of the sources are depicted in the diagram.  
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The ex-type strains of varieties, the mating types and the sources of 
isolation are plotted on the trees of Fig. 2. The core of the tree (group A in TEF) 
consisted of 42 strains grouped together in trees of all three markers. This group 
contains (neo)type strains of 4 varieties, which thus do not differ at the molecular 
level. Physiological differences between strains were insignificant (Table 3) and if 
present did not coincide with any other marker. Group A contained clinical as well 
as environmental strains, and isolates that are involved in food fermentation (Fig. 
2, Table 1). The external cluster of CBS 699.68 and CBS 700.68 are tester strains 
for zygospore production (Schipper & Stalpers 1984), having mating types + and ‒, 
respectively. These strains produced zygospores with strains of the opposite mating 
type independent of their position in the trees, their morphological varieties or their 
source of isolation (Table 1, Fig. 2).  
 
Physiology 
Results of physiological tests are shown in Table 3. All strains analyzed were 
positive for lipase production. After 3 days incubation at 30 °C all strains covered 
the culture plate, except for CBS 112589 and CBS 262.28 that grew slower and 
reached 45 mm in diameter on day 3. Most strains were able to liquefy gelatin, 
with the exception of CBS 111563, CBS 112285, CBS 308.87, and CBS 131499. 
All strains were negative for laccase, tyrosinase and cellulase. There was some 
variability between strains for the presence of siderophores, urease and amylase, 
but these results did not correspond with other parameters. Only in the case of 
extracellular siderophore production there is a significant difference (chi-square = 
4.18, P< 0.05) between food and clinical samples. 
 
Temperature relations 
The results of 30 h incubation were considered for all temperatures tested. The 
optimum temperature for growth was between 36 °C and 40 °C. All strains also 
grew very well at 30 °C and at 45 °C, showing thermotolerance, but they 
responded differentially at 50 and 52 °C. In our results all strains previously 
identified (Schipper & Stalpers 1984) as R. rhizopodiformis indeed proved to be 
more thermotolerant than the remaining strains, which mostly had a maximum 
around 52 °C. Strains morphologically identified as Rhizopus oligosporus and R. 
microsporus showed less thermotolerance. In general all strains prove to be 
thermotolerant, growing at 52 °C or above. Differences in temperature response did 
not correspond with the clades in any of the phylogenetic trees. At 55 °C almost no 
growth was observed in any of the strains. A growth curve including standard 
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deviation for all strains identified as the classical varieties is depicted in Fig. 3, 
demonstrating the degrees of variation between groups at 50‒52 °C. Applying chi-
square, no significant difference was found in temperature relationships between 
clinical and foodborne strains at higher temperature ranges. (chi-square = 2.953, P 
< 0.05), but when foodborne and environmental sources were taken together and 
were compared to clinical isolates there was a significant difference (chi-square = 
4.725, P< 0.05). 
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CBS 102277 + - + + + + - -    E 

CBS 111563 - - + - + + - - A 

CBS 112285 - - + + - + - - B 

CBS 112586 + - - + - + - - D 

CBS 112587 + - - + - + - - D 

CBS 112588 + - - + + + - - E 

CBS 112589 + - - + - w - - D 

CBS 113206 + - - + - + - - D 

CBS 118987 + - + + - + - - C 

CBS 120955 + - + - + + - - B 

CBS 124669 + - + + - + - - E 

CBS 130966 + - + - - + - - E 

CBS 130967 + - - + + + - - D 

CBS 130968 + ‒ ‒ + + + ‒ ‒ C 

CBS 130969 + ‒ + + ‒ + ‒ ‒ E 

CBS 130970 + ‒ + + ‒ + ‒ ‒ E 

CBS 130971 + ‒ w + ‒ + ‒ ‒ E 

CBS 131499 ‒ ‒ ‒ ‒ + + ‒ ‒ A 

CBS 196.77 + ‒ ‒ + ‒ + ‒ ‒ C 

CBS 220.92 + ‒ + + ‒ + ‒ ‒ A 

CBS 228.95 + ‒ ‒ + + + ‒ ‒ E 

CBS 258.79 + ‒ + + + + ‒ ‒ D 
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CBS 261.28 + ‒ ‒ + ‒ + ‒ ‒ A 

CBS 262.28 + ‒ ‒ ‒ ‒ w ‒ ‒ A 

CBS 289.71 + ‒ ‒ + ‒ + ‒ ‒ E 

CBS 294.31 + ‒ ‒ + + + ‒ ‒ C 

CBS 308.87 ‒ ‒ + ‒ + + ‒ ‒ A 

CBS 337.62 + ‒ ‒ + ‒ + ‒ ‒ E 

CBS 338.62 + ‒ w + ‒ + ‒ ‒ C 

CBS 339.62 + ‒ ‒ + ‒ + ‒ ‒ D 

CBS 343.29 + ‒ ‒ + + + ‒ ‒ D 

CBS 344.29 + ‒ ‒ + + + ‒ ‒ C 

CBS 346.49 + ‒ + + + + ‒ ‒ E 

CBS 357.92 + ‒ + + + + ‒ ‒ E 

CBS 357.93 + ‒ + + ‒ + ‒ ‒ E 

CBS 388.34 + ‒ + + + + ‒ ‒ D 

CBS 394.34 + ‒ ‒ + + + ‒ ‒ B 

CBS 536.80 + ‒ + ‒ ‒ + ‒ ‒ B 

CBS 537.80 + ‒ ‒ + + + ‒ ‒ E 

CBS 607.73 + ‒ w + + + ‒ ‒ B 

CBS 608.81 + ‒ + + + + ‒ ‒ C 

CBS 609.81 + ‒ + + ‒ + ‒ ‒ C 

CBS 610.81 + ‒ + + + + ‒ ‒ E 

CBS 631.82 + ‒ ‒ + ‒ + ‒ ‒ D 

CBS 699.68 w ‒ + ‒ + + ‒ ‒ E 

CBS 700.68 + ‒ + + + + ‒ ‒ E 

CBS 712.73 + ‒ ‒ + + + ‒ ‒ B 

 
Table 3: Physiological tests and different ranges of sporulation. w stands for weak. Sporulation after 3 d 
categorized in five levels; see text. 
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Figure 3: Colony diameters (mm) after 30h measured at various temperatures ranging from 30°C to 55°C, on 5%. 
MEA media for different varieties. 
 
 
MALDI-TOF MS 
All strains were analyzed by MALDI-TOF MS. Strains were tested in duplicate. 
Profiles with more than 80 peaks were considered as reliable results and were 
considered for further analysis. A maximum of 150 mass peaks were detected in 
the set of spectra under study. The mass detection range was between 2000 and 
20,000 Da with an error below 0.08 %. An UPGMA dendrogram was made on the 
basis of protein spectra (data not shown). The maximum deviation between 
averaged spectra between strains was 80 %. The averaged profiles per strain were 
relatively similar (data not shown). The range of variability between duplicates of 
the same strain was often larger than between strains. Small deviations between 
groups of isolates did not correspond with any other parameter investigated. The 
data were compared with other results from phenotypic and molecular tests. When 
these parameters, sources of isolation or geography were plotted on the 
dendrogram, no consistent pattern became apparent. There was no separation 
according to different ecological categories. 
 
Mating experiments 
Mating results are summarized in Table 1. The mating tester strains chosen were 
CBS 699.68(+) and CBS 700.68(‒), which were located in an external position in 
MLST. Most of the strains were found to produce zygospores (83.33 %) with either 
one of the tester strains. Positive mating results could be observed under the light 
microscope by an abundance of reddish brown, stellate zygospores produced after 
3 days at 30 °C on MEA plates. Zygospores were held between two unequal 
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suspensors (Fig. 1), as verified in crossing of the tester strains. Even vigorous 
mating invariably led to fusion and production of two more or less equal 
suspensors with one of these shriveling after formation of the zygospore (Fig. 1); 
permanently equal suspensors were never seen. A straight line of zygospores at the 
interface between the two compatible strains was formed in most cases. Strains 
CBS 113206, CBS 228.95, CBS 112589, CBS 112587, and CBS 308.87 did not 
produce zygospores with any of the testers. In agreement with results of Schipper 
& Stalpers (1984) no positive mating was observed in CBS 346.49 and CBS 
337.62. In contrast, in strains CBS 338.62 and CBS 339.62, which Schipper & 
Stalpers (1984) were found not able to mate; we observed very poor, small-sized 
zygospores in crossings with CBS 700.68(‒). A similar result was achieved with 
CBS 130970 when crossed with CBS 700.68(‒). CBS 344.29 produced 
azygospores when it was cultured next to CBS 700.68(‒). Azygospores, the 
zygospore-like spores produced by a single hypha, are much smaller, light orange, 
and slower in development. Azygospores from CBS 344.29 after 10 days 
incubation at 30 °C are shown in Fig. 1 (B1_B3). 

The geographic distribution of (+/‒) mating types over different continents 
was unequal. Of the total of 40 strains where the mating types could be established, 
all 17 European strains were (+) mating type, whereas the 15 Asian strains were 
attributed both (+) and (−) mating type (ratio 2:1). The latter condition was similar 
to that in strains from the U.S.A, Australia and Africa, where only a small number 
of isolates was available. The difference between Europe and remaining continents 
was significant (P = 0.05). In contrast, there was no significant difference between 
strains from food sources versus clinical sources, food versus environmental or 
non-clinical versus clinical sources.  
 
Morphology  
Sporangiospore ornamentations of strains analyzed were listed in three categories: 
with ridges, with spines, or with irregular warts. Categories were plotted on TEF 
and ITS trees obtained by different methods of tree making (data not shown). No 
correlation of molecular and morphological data was found.  

Five distinguishable levels of sporulation (arbitrary categories A−E; Fig. 4) 
were visible between strains. On average, plates that were cultured with 3-day-old 
spore suspensions were stronger in sporulation than when mycelial inocula were 
used, but after a week no differences in sporulation could be observed, and the 
same ranges of variability were visible in both set of cultures. The results of day 3 
are listed in Table 3 in the last column. These levels were constant even after 
prolonged incubation times. There was no significant difference in sporulation 
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between food and clinical strains, neither in clinical versus non clinical strains (Chi 
square= 0.006, 0.31 respectively). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Macroscopic and microscopic morphology of Rhizopus microsporus CBS 700.68. A. Colony on MEA 
after 2 days incubation at 30 °C; B. Zygospores with unequal suspensors; B1-B3. Azygospore from CBS 344.29. C. 
Columella; D. Sporangia; E. Rhizoids; F. Columella with collar. Scale bar = 10 µm. 
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Taxonomy 
 
Rhizopus microsporus Tiegh., Annls Sci. Nat., Bot., Sér. 6, 1: 
83. 1875. Ex-neotype strain: CBS 699.68, indicated by Zheng 
et al. (2007). Fig. 1: CBS 700.68. MB 177331. 
 

= Mucor rhizopodiformis Cohn, in Schröter, Z. Klin. Med. 7: 
140. 1884 ≡ Rhizopus cohnii Berlese & De Toni, in Berlese, De Toni 
& Fischer, Syll. Fung.7: 213. 1888 (name change) ≡ Rhizopus 
rhizopodiformis (Cohn) Zopf, in Schenk, Handb. Bot. 4: 587. 1890 ≡ 
Rhizopus microsporus Tiegh. var. rhizopodiformis (Cohn) Schipper 
& Stalpers, Stud. Mycol. 25: 30. 1984. Ex-neotype strain: CBS 
536.80, indicated by Zheng et al. (2007). 

= Rhizopus chinensis Saito, Zentbl. Bakt. ParasitKde, Abt. 2, 13: 
156. 1904 ≡ Rhizopus microsporus Tiegh. var. chinensis (Saito) 
Schipper & Stalpers, Stud. Mycol. 25: 31. 1984. Ex-type strain: CBS 
631.82. 

= Rhizopus oligosporus Saito, Zentbl. Bakt. ParasitKde, Abt. 2, 
14: 626. 1905; emend. Hesseltine, Mycologia 57: 157. 1965 ≡ 
Rhizopus microsporus Tiegh. var. oligosporus (Saito) Schipper & 
Stalpers, Stud. Mycol. 25: 31. 1984. Ex-neotype strain: CBS 337.62, 
indicated by Zheng et al. (2007). 

= Rhizopus bovinus van Beyma, Verh. K. Ned. Akad. Wet., Ser. C, 29: 38. 1931. Ex-
type strain: CBS 294.31. 

= Rhizopus pusillus Naumov, Opred. Mucor. 2: 74, 1935 (nom. inval., ICBN Art. 36). 
Ex-type strain: CBS 343.29. 

= Rhizopus chinensis Saito var. liquefaciens Takeda, J. Agric. Chem. Soc. Japan. 11: 
845. 1935 (nom. inval., ICBN Art. 36). Ex-type strain: CBS 388.34. 

= Rhizopus pseudochinensis Yamazaki var. thermosus Takeda, J. Agric. Chem. Soc. 
Japan 11: 845. 1935 (nom. inval., ICBN Art. 36). Ex-type strain: CBS 394.34. 

Figure 4: Strains graded according to different levels (A−E) of 
sporulation. 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=177331
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= Rhizopus pygmaeus Naumov, Opred. Mucor. p. 74, 1935 (nom. inval., ICBN Art. 36). 
Ex-type strain: CBS 344.29. 

= Rhizopus microsporus Tiegh. var. azygosporus Schwertz, Villaume, Decaris, 
Percebois & Mejean, in Zheng, Chen, Huang & Liu, Can. J. Microbiol. 43: 972. 1997 (nom. 
inval., IC 

BN Art. 33.2) ≡ Rhizopus azygosporus G.F. Yuan & S.C. Jong, Mycotaxon 20: 398. 
1984. Ex-type strain: CBS 357.93. 

= Rhizopus microsporus Tiegh. var. tuberosus R.Y. Zheng & G.Q. Chen, Mycotaxon 
69: 183. 1998. Type HMAS 73698 and HMAS 73699 (dried culture isotypes of AS 3.1145 
= CBS 113206, ex-type culture). 
Description of the species based on CBS 699.68: Colonies woolly and initially 
white on MEA at 30 °C, quickly becoming pale (brownish) grey and then 
developing small grey patches in the mycelium of mature sporangia. Colony very 
high, fibrous, rapidly filling the petri dish. Hyphae hyaline, broad (5–15 µm), 
ribbon-like, irregularly branched and aseptate to sparsely septate. Rhizoids simple, 
hyaline to pale brown, occurring at the junctions of the stolons and 
sporangiophores (nodal). Sporangiophores borne on stolons opposite rhizoids. 
Sporangiophores up to 400 µm in length, 10 µm wide, mostly unbranched, brown 
to dark brown, often in pairs, bearing small, greyish-black sporangia up to 80 µm 
in diameter with subglobose to conical columellae with or without a collar. 
Sporangiospores angular to broadly ellipsoidal, up to 6.5–7.5 µm and distinctly 
striate. The species is heterothallic, requiring compatible mating strains for the 
production of zygospores. Zygospores reddish brown, held between unequal 
suspensors. Optimum temperature for growth 36‒40 °C, maximum growth 
temperature 52 °C. 

Several varieties and records have been mentioned in previous studies as 
being identical to R. microsporus, but in absence of type material they are here 
considered as of doubtful identity: 

= ?Rhizopus oligosporus Saito var. glaber Nakazawa, Ber. Versuchsstat. Naturwissensch. 
Formosa 2: 46. 1913. 

= ?Rhizopus alpines Peyronel, I Germi Astmosferici dei Fungi con Micelio, Diss. (Padova): 
17. 1913. 

= ?Rhizopus chinensis Saito var. rugulosus Hanzawa, Rep. Govt. Res. Inst. Dep. Agric., 
Formosa 6: 37. 1913.  

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=506189
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=107231
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=107231
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=447066
http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
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= ?Rhizopus chinensis Saito var. rugosporus Nakazawa, Ber. Versuchsstat. Naturwissensch. 
Formosa 2: 46. 1913. 

= ?Rhizopus oligosporus Saito var. glaber Yamazaki, J. Agric. Soc. Japan 193: 1014. 1918.  
 
 
Discussion 
Numerous attempts have been made in the literature to acknowledge observed 
variability of Rhizopus microsporus with the introduction of taxonomic entities at 
various levels. Scholer and co-workers (Scholer 1970, Scholer & Müller 1971) 
introduced a section ‘micro-Rhizopus’ containing R. microsporus, R. 
rhizopodiformis and R. oligosporus, which all had relatively small sporangiospores 
and a maximum temperature of growth of 45 °C or above. According to Schipper 
et al. (1985) R. microsporus var. microsporus was unable to grow at 50 °C, 
whereas R. microsporus var. rhizopodiformis had a growth maximum of 55 °C. In 
our results all strains previously identified as R. microsporus var. rhizopodiformis 
indeed proved to be more thermotolerant than the remaining strains, which mostly 
had a maximum around 52 °C (Fig. 3). Other criteria for distinction of taxa were 
morphological. Schipper & Stalpers (1984), for example, used size, shape and 
surface structure of the sporangiospores, established by SEM, for the recognition of 
varieties. Our isolates were scrutinized for this criterion. Neither with Schipper & 
Stalpers (1984), nor with the combined data, correlation with any of the remaining 
parameters investigated could be found, and strains were randomly distributed over 
the phylogenetic trees.  

Recent molecular investigations of the genus Rhizopus (Liu et al. 2007, 
2008; Abe et al. 2006, 2010, Walther et al. 2013) failed to find differences between 
varieties of R. microsporus. In the present study, the taxonomic status of these six 
varieties, all represented by ex-(neo)type strains, was investigated using ITS, ACT, 
and TEF markers in combination with mating tests, morphology, physiology, 
ecology, geography, and MALDI-TOF MS data in order to recognize phylogenetic 
and biological species boundaries. In total 48 strains from different continents and 
sources including clinical samples and food stuffs were studied.  

In the single-locus trees based on ITS, ACT and TEF only a limited number 
of branches was sufficiently supported (>80 % bootstrap support for ML or a 
posteriori probabilities for the Bayesian analysis). In order to increase the 
robustness of trees, concatenated sequences of all three loci were analysed with 
different algorithms, including UPGMA, Ward’s averaging, NJ, ML and Bayesian. 
Clade B was differentially positioned in Maximum Likelihood and Bayesian 
compared to remaining trees. Clade C was found to be robust in all trees. Whether 

http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
http://www.indexfungorum.org/names/Names.asp?strGenus=Rhizopus
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or not different forms of sporangiosphores corresponded with molecular data was 
therefore a question. Main types of spore ornamentations (ridges, spines or 
irregular warts) were defined on the basis of light microscopy by Ellis (1981) and 
confirmed by Schipper & Stalpers (1984) using SEM. When plotted on any of the 
trees generated by ITS and TEF data no correlation could be found. This suggests 
that differences in spore ornamentation are at least partly due to differences in 
maturation. Sporangiospores are mitotic, and hence a wide range of variation can 
be expected. Young spores are smooth and nearly globose, while ridges are found 
on mature spores (Schipper & Stalpers 1984). We conclude that spore 
ornamentation cannot be used as a taxonomic parameter, but rather is linked to 
differences between individual strains. 

Applying the criteria of genealogical concordance phylogenetic species 
recognition (GCPSR) the strains of clades A and B clearly belong to a single 
phylogenetic species (Taylor et al. 2000, Dettmann et al. 2003). The strains of 
Clade C in TEF meet the criteria of a phylogenetic species because this clade is 
present in all three genealogies with a high support in two of them. However, for 
practical reasons Dettmann et al. (2003) extended the criteria: (1). the species 
boundaries have to be selected in a way that no strain is left out, and (2) only 
relatively distinct lineages should be accepted as phylogenetic species, because 
otherwise every tip clade would deserve a phylogenetic species status. Including 
these criteria in our decision on species boundaries we judge that clade C does not 
deserves the rank of phylogenetic species, because it is not sufficiently distinct (7 
informative mutations in ITS-2 between clade C and its nearest neighbor strain 
CBS 112285). The strains of clade B, dispersed in trees of other markers, possibly 
are recombinants, underlining the close affinity between groups. 

Foodborne strains have often been treated in a variety R. oligosporus (= R. 
microsporus var. oligosporus), supposed to contain domesticated strains of R. 
microsporus with reduced sporulation. Similarly, Amylomyces rouxii had been 
considered (Liou et al. 2007) as a domesticated form of Rhizopus arrhizus used for 
ragi production. Five different levels of sporulation between strains were observed 
in the analyzed strains (A−E; Fig. 4). Many of the R. microsporus strains isolated 
from human-made environments and during food fermentation processes were 
named R. oligosporus because of their origin, but in our study the source of 
isolation was not significantly associated with molecular differences or with 
reduced sporulation abilities (Table 3). The widely held suggestion that the strains 
with the morphology of R. oligosporus represent a separate species that can be 
found just in fermented food sources should thus be rejected. However, it is a fact 
that the strains that are used for a longer period as starter cultures of tempe 
generally exhibit an oligosporus morphology, i.e. having spores with ridges and 
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irregular warts, and strains with this morphology are rarely found in the 
environment.  

Positive mating results have been found between all clades (Fig. 2). Clade 
C contains the two tester strains leading to positive mating with the majority of 
strains of Clades A and B (Fig. 1, Table1). The maximum ITS distance between 
groups is 2.8 %, which is well below intraspecific variance observed in some other 
members of Mucorales (Lutzoni et al. 2004). On the basis of GCPSR and mating 
results we conclude that all strains should be considered to belong to a single 
species, Rhizopus microsporus. 

 
 

Underlying 
disease 

Clinical 
features 

Type of 
infection 

Age/ 
Gender 

Method  Geogra
phy 

References 

Type II diabetes 
mellitus 

Right facial 
necrosis 

Rhinocerebral  52 / male Microscopy Brazil Ribeiro et 
al. 2012 

Type II diabetes 
mellitus, renal 
transplant  

Prolonged 
azathioprine, 
corticosteroids 

Rhinocerebral  57 / 
female 

Microscopy Brazil Ribeiro et 
al. 2012 

Acute myeloid 
leukemia (allo-
HSCT) 

no systemic 
antifungal 
therapy 

Disseminated  46 / 
female 

Microscopy Switzer
land 

Lebeau et 
al. 2010 

Crohn’s disease  Necrosis, colon 
perforation  

Gastrointestin
al 

52 / 
female 

Microscopy
, ITS 

France Hyvernat et 
al. 2010 

Hemoglobin SC, 
asthma, acidosis, 
relative 
leucopenia 

β2-mimetics, 
inhaled 
corticosteroids 

Fatal 
pulmonary  

29 / 
female 

Microscopy France Enache-
Angoulvant 
et al. 2006 

Allogeneic stem 
cell transplant 
(MUD allo-
HCT) 

Refractory 
follicular 
lymphoma 

Fatal 
pulmonary 

63 / male Microscopy Greece Lekakis et 
al. 2009 

Allogeneic stem 
cell transplant 
(MUD allo-
HCT)  

Multiple post-
transplant 
infections 

Fatal 
pulmonary 

63 / male Microscopy Greece Lekakis et 
al. 2009 

Liver disease, 
multi-organ 
failure  

Pregnancy Rhinoorbital 20 / 
female 

Microscopy India Goel et al. 
2011 

Allogeneic blood 
stem cell 
transplant  

Graft versus 
host disease 

Rhinoorbital 42 / male Microscopy
, ITS  

Austral
ia 

Stark et al. 
2007 

None  Rhinoorbital 40 / 
female 

Microscopy
, ITS  

India  Nawange et 
al. 2012 

Type II diabetes 
mellitus, renal 
transplant 

Triple-drug 
immunosuppres
sion 

Pulmonary  47 / male Microscopy
, ITS  

India Chakrabarti 
et al. 2010 

Recurrent 
hemoptysis, 
glossitis, 

Respiratory 
problems 

Pulmonary  70 / male Microscopy
, ITS  

India Chakrabarti 
et al. 2010 
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stomatitis 

Mild steroid-
induced 
hyperglycaemia 

Oral 
corticosteroids  

Disseminated  71 / male Post-
mortem 
histology  

Netherl
ands 

de Mol & 
Meis 2009 

Allogeneic 
transplant 

 Gastrointestin
al  

54 / male Microscopy Portug
al 

Pinto-
Marques et 
al. 2003 

Acute 
promyelocytic 
leukemia 

Cytopenia, 
sepsis 

Liver 
infection 

14 mo / 
male 

Specific 
nested PCR 

Czech 
Republ
ic 

Sedlacek et 
al. 2008 

Kidney 
transplant 

Peritoneal 
dialysis 

Peritonitis 62 / 
female 

PCR, DNA 
microarray 
hybridizatio
n 

Germa
ny 

Monecke et 
al. 2005 

Acute myeloid 
leukemia (AML) 

Fournier’s 
gangrene 

Fatal 
cutaneous  

53 / male Microscopy
, ITS  

U.S.A  Durand et 
al. 2011 

Diabetic 
ketoacidosis, 
renal 
insufficiency 

Local injury, 
antimicrobial 
therapy  

Cellulitis 42 / male Microscopy U.S.A West et al. 
1995 

Idiopathic 
thrombopenic 
purpura 

Interstitial 
pneumonia 

Cutaneous  69 / male Microscopy  Japan Kobayashi 
et al. 2001 

 
Table 4: Overview of confirmed cases of mucormycosis by Rhizopus microsporus. 

 
 
The suspensors in R. microsporus are consistently unequal, also in the 

mating product between tester strains. Similar anisogamy is common in Mucorales 
(e.g. Schell et al. 2011). Ellis (1965) noted that Absidia species often develop more 
appendages on the suspensor of one of the mating types. In contrast, in most 
mucoralean species, for example Siepmannia pineti (Kwasna & Nirenberg 2008) or 
Mucor hiemalis (Schipper 1976) the suspensors remain more or less equal.  

Most of the strains of R. microsporus were able to produce zygospores (40 
out of 48 strains, 83.3 %), a rate much higher than in e.g. Mucor irregularis (Schell 
et al. 2011) or R. arrhizus (Gryganskyi et al. 2010). In R. arrhizus a +/− mating 
ratio of 1:1 was reported (Gryganskyi et al. 2010), while in R. microsporus this 
ratio is about 4:1 [32 (+)/8 (−)]. Seven strains did not respond with either mating 
type (Table 1). They were almost all isolated from food material and from Asian 
countries, except CBS 308.87 that was isolated from human. Two further strains 
(CBS 338.62, CBS 339.62) that were negative in Schipper’s (1984) mating study 
originated from Asian food. In Europe, where Mucorales are rarely used in food 
industry, just the (+) mating type was seen. Having small, airborne spores, the 
fungus would be expected to spread widely by air, but the significant 
preponderance of the (+) mating type in Europe suggests that air-dispersal is less 
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efficient than e.g. with the strongly hygrophobic conidia of Aspergillus fumigatus. 
Lu et al. (2013) observed similar geographic structuring in Mucor irregularis.  

Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass 
Spectrometry (MALDI-TOF MS) is a method to distinguish fungal species by their 
peptide fingerprint profiles, compounds being separated by weight (Marklein et al. 
2009). Once established for a particular group of organisms, the method mostly 
does not require confirmation by other methods (Benagli et al. 2011, Sauer et al. 
2008). Profiles of strains analyzed in the present study did not show any grouping. 
Differences between replicates of the same strain were small, but sometimes larger 
than differences between approximate clusters, and no support for any of the 
varieties described in the literature was obtained. 

In conclusion, despite the relative heterogeneity of the species in all 
parameters, no consistent taxonomic groups were distinguishable. The observed 
differences between entities are considered to be differences at the strain level 
rather than at the level of variety or species, whereby the local adaptation to a 
particular environment remains an option. Along with the recognition that strains 
involved in at first sight such different environments as food industry and in human 
infection may belong to a single species, understanding of their natural ecology 
may reveal common factors between these habitats. Mucoralean species have been 
categorized as ‘ruderal’ organisms or ‘microbial weeds’ (Frisvad et al. 2008), 
implying that they rapidly colonize and digest virgin substrates as pioneer 
organisms and complete their life cycle with abundant airborne sporulation before 
competing microbes arrive. In this sense human tissue lacking immunity, and 
foodstuffs have some similarities, and it explains that the infections are highly 
destructive in susceptible patients. Most of the samples in this study (48 %) are 
from food sources, followed by 21 % from clinical origins, 19 % environmental 
and 12 % from unknown sources. The category environmental (particularly soil) in 
most markers is somewhat distant to the remaining of the 69 % human-associated 
strains, suggesting that these strains are ancestral. The possibility remains that soil 
is an under-sampled habitat, and that soilborne strains tend to deviate from the 
human-associated strains. Based on the data presented in this paper we believe that 
selection of strains with particular properties is concerned, rather than a taxonomic 
difference. 

Rhizopus microsporus is an important etiologic agent of mucormycosis of 
severely debilitated human hosts. Two cases of rhinocerebral infection caused by 
R. microsporus were reported from patients with type II diabetes mellitus from 
Brazil (Ribeiro et al. 2012), and two cases of fatal pulmonary zygomycosis caused 
in immunocompromised patients from Greece (Lekakis et al. 2009). Another 
gastrointestinal report concerned a 52-year-old female with a 2-year history of 
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Crohn’s disease (Hyvernat et al. 2010) and 29-year-old female with fatal 
pulmonary infection from France with a history of hemoglobin SC disease, asthma, 
acidosis and a relative leucopenia treated with β2-mimetics and inhaled 
corticosteroids (Enache-Angoulvant et al. 2006). During a six month study, 12 
cases of gastrointestinal infection in China in patients of 6–73 years old with 
hematological malignancies were reported (Cheng et al. 2009). A case of sino-
orbital infection in a patient with graft versus host disease following allogeneic 
blood stem cell transplantation was reported by Stark et al. (2007). Commercially 
available pea straw compost used for gardening was suspected to be the source of 
the infection (Stark et al. 2007). The clinical cases by R. microsporus are 
summarized in Table 4. 

Mucormycosis generally is acute and highly devastating, but usually does 
not occur outside the context of severely compromised hosts. Only the rare species 
Mucor irregularis is exceptional in infecting patients with no known immune 
deficiency, causing chronic cutaneous disease (Lu et al. 2013). One case of rhino-
maxillary-orbital R. microsporus mucormycosis was reported in an apparently 
healthy individual from India (Nawange et al. 2012), and another one reported by 
Goel et al. (2011) from a 20-year-old non-diabetic female, but she was pregnant 
with liver disease and multi-organ failure (Table 4). 

Humanity has been surrounded with members of Mucorales including R. 
microsporus since millennia, but human infection by such organisms is extremely 
rare compared to the abundance of these species in our daily life. The recent 
increase in the frequency of human infections can directly be linked to the growing 
population of patients with severe (immune) disorders or uncontrolled metabolic 
diseases. With the exception of Mucor irregularis (Lu et al. 2013) the natural 
behavior of mucoralean fungi does not involve infection of otherwise healthy 
humans, and hence the chance of becoming infected is extremely low. We 
therefore are convinced that health risks with these fungi are low and despite 
airborne dispersal no laboratory containment is necessary. De Hoog et al. (2009) 
classified the species as Risk Group RG-1 and BioSafety Level BSL-1. 

Rhizopus microsporus strains exude a phytotoxin, rhizoxin, and the highly 
toxic cyclopeptides rhizonin A and B. None of these metabolites should be 
permitted to occur in foods, even at pico- or fentogram amounts, as they are toxic 
for human consumption (Rohm et al. 2010). The compounds are however not 
produced by the fungus itself, but by symbiotic bacteria (Burkholderia rhizoxinica) 
that reside within the fungal cytosol (Lackner et al. 2009). Burkholderia is a gram-
negative, rod-shaped endosymbiotic bacterium (Partida-Martinez et al. 2007). The 
bacterium was found in strain CBS 111563, that was originally isolated from sufu 
starter. The strain is widely used for fermentation of sufu and tempe, and produces 



Diversity and delimitation of Rhizopus microsporus 
 

 
48 

 

considerable amounts of rhizoxins that can be detected during final steps of the 
production process (Rohm et al. 2010). Absence of the toxic bacteria would make 
R. microsporus safe for usage in food production. Jennessen et al. (2005) reported 
that R. microsporus do not produce rhizonins if they do not harbor the 
Burkholderia endosymbiont. The rhizonins A and B were identified from strain 
CBS 112285 on Mozambican groundnuts (Jennessen et al. 2005). 

The rich physiological profile of Rhizopus species is important in 
biotechnology, especially in combination with the ease to cultivate these fungi. 
Rhizopus species are known and applied for their ability to produce large amounts 
of different kinds of extracellular enzymes such as endoglucanases, lipases, 
proteases, phytases, carbohydrases, pectinases, alkaline and acid phosphatases, and 
amylases (Guimarães 2006), secondary metabolites such as fumarate, malate, lactic 
acid, and vitamins (Nout & Rombouts 1990). Polygalacturonase is a major enzyme 
of R. microsporus (Manachini et al. 1987, Hornewer et al. 1987) and R. arrhizus 
(Sachde et al. 1987). Other major carbohydrases of R. microsporus significant in 
food production include endocellulase, xylanase, arabinanase and small quantities 
of α-D-galactosidase, β-galactosidase, α-xylosidase, α-1-arabinofuranosidase, and 
α-D-glucosidase (Krisch et al. 2012). Lipase activity has been also detected in R. 
microsporus (Souser & Miller 1977). Strain R. microsporus NRRL 2710 (= CBS 
338.62) produces intracellular phytase in addition to extracellular phytase when 
grown in rice medium (Sutard & Buckle 1988, Nout & Rombouts 1990). Amylases 
are extensively applied in food industries to produce sweeteners and to obtain 
glucose, to manufacture glucose syrup for the pharmaceutical and beer industries. 
Since starch processing takes place at high temperatures, it is necessary to use 
thermostable amylases, preferentially those produced by thermophilic or 
thermotolerant microorganisms (Peixoto et al. 2003). Considering high 
thermotolerance of Rhizopus microsporus, the species is a good candidate for 
production of such enzymes. The high level of thermostable amylase production 
(Peixoto et al. 2003) in Rhizopus microsporus also makes the species a good 
candidate for solid state fermentation using agricultural wastes as a substrate 
(Vijayaraghavan et al. 2011). Treatment of starch processing wastewater was 
enhanced by glucoamylases extracted from R. microsporus (Jin et al. 1999).  

Table 3 shows the results of physiological tests that are significant as 
potential virulence factors to animal hosts (Rogers 2008), including presence of 
gelatinase, laccase, tyrosinase and urease, and the presence of extracellular 
siderophores. All strains were negative for laccase, tyrosinase, and cellulase, while 
the differences with urease and gelatinase were not significantly associated with 
any parameter and were therefore regarded as strain-differences. The general 
enzyme profile of R. microsporus suggests that strains are more suited to degrade 
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plant material, as seen e.g. with lipase and amylase, and they have less factors 
suitable to degrade animal tissue, such as low presence of urease and siderophores.  

Thermotolerance of Mucorales has classically been considered as a prime 
virulence factor in human infection (Scholer 1970). All strains of Rhizopus 
microsporus are highly thermotolerant, some being able to grow up to 55 °C, 
although with much variability in the higher temperature ranges. It may be 
expected that the most thermotolerant strains and isolates with smallest spores able 
to penetrate deep into the respiratory tract are prone to infection, but differences in 
temperature relations could not be related to sources of infection or positions in 
phylogenetic trees.  
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